We have investigated the topology of the human jJ2-adrenerglc receptor expressed inEscherichia col, using the genetic method described by B wth and coworkers. We found that fusin with alkali phhatse beyond a certain point on the human 2-adrenerglc receptor sequence were assembled into the bacterial membrane with the same topology as the human P2-adrenergic receptor in the mammalan membrane. 
The amino acid sequence of an integral membrane protein can be used to predict its membrane-spanning stretches. A plot of average hydrophobicity is used to draw plausible two-dimensional membrane topologies of the polypeptide in which each long hydrophobic sequence corresponds to a transmembrane a-helix (1). X-ray diffraction analysis of bacteriorhodopsin and Rhodopseudomonas viridis photosynthetic reaction-center polypeptides has shown that, in fact, the long hydrophobic sequences correspond to transmembrane a-helical stretches in these proteins (2) . Highresolution structural analysis, however, has been possible for only a few membrane proteins, because of the difficulty of growing crystals suitable for diffraction. Various alternatives to x-ray analysis have been developed to test models of protein topology with respect to a membrane. Beckwith and coworkers (3, 4) have described a genetic approach for analyzing the arrangement of integral membrane proteins in Escherichia coli. The catalytic domain of the bacterial alkaline phosphatase (PhoA), with its leader sequence missing, is fused to various portions of a membrane protein. PhoA acquires enzymatic activity only when it is translocated to the periplasm (5) , where its intrachain disulfide bonds can form (6) ; its fusion to an integral membrane protein, therefore, will show different activities depending on where in the protein the PhoA fuses. Fusions to or near the periplasmic domains lead to higher PhoA activities than fusions to positions in the cytoplasmic domains. Using this method, Beckwith and others were able to determine and/or confirm the topological structure of several E. coli membrane proteins. The application of the method or of analogous ones (7) is limited to bacterial proteins or to proteins which are expressed and can fold correctly in a bacterial membrane.
Human (2-adrenergic receptor (hup2AR) is part of a family of membrane receptors which couple with guanine nucleotide-binding regulatory proteins (G proteins) (8) . Hydrophobicity plots suggest that, like bacteriorhodopsin (9), these receptors are characterized by seven hydrophobic transmembrane segments, separated by extra-and intracellular hydrophilic loops. The topographical disposition of all eight of the hydrophilic sequences of huP2AR expressed in mammalian cells was established with site-directed anti-peptide antibodies and in situ analysis by indirect immunofluorescence (10) .
hu(AR expressed in E. coli displays affinities for adrenergic ligands similar to those observed in eukaryotic cells (11) (12) (13) and is able to couple with Ga (14) (20) or antibody to alkaline phosphatase or to (-galactosidase was added and the samples were incubated at 4TC for 1 hr. Samples were centrifuged, washed twice with 0.5 ml of STEB, resuspended in the same buffer, and incubated with horseradish peroxidaseconjugated anti-mouse immunoglobulin antibodies (for 9E10) or peroxidase-conjugated protein A (for antibody to alkaline phosphatase or (3-galactosidase) at 4TC for 1 hr. Samples were centrifuged and washed four times with 0.5 ml of STEB. Antigen-antibody complexes were then quantified by measuring OD450 after one-step Turbo ELISA (Pierce). (12) .
RESULTS
The hu(32AR performs two main functions in human plasma membranes: it binds external ligands specifically and, as a result of the binding, activates a G protein. That the receptor expressed in E. coli retains its typical affinities forthe specific ligands (11) (12) (13) and couples with Gsa (14) suggests that it adopts a conformation in the E. coli membrane similar to that found in mammalian plasma membranes.
Isolation of huf2AR-PhoA Fusions. We used a combination of in vivo and in vitro techniques to isolate gene fusions encoding proteins with various lengths ofhup2AR from the N terminus joined to PhoA at the C terminus (Fig. 2) (Fig. 2) . The PhoA activity of the fusion proteins was determined as described (5 (23) . However, the unfused huP2AR and the long hu32AR-PhoA fusions produce lower amounts of protein than do the short fusions. For example, the long fusion D, which fuses PhoA to the entire hu/hAR, has a rate of synthesis 20 times less than that of the short fusion A, whose joint with PhoA is in the first cytoplasmic loop; this could account for the low number of molecules measured in the binding assay. The number of molecules estimated from the PhoA activity of fusion D is in line with that calculated from 1251CYP binding to the unfused hu2AR. The difference in protein levels between fusions A and D was reflected in a pulse-chase experiment, which also revealed that both short and long fusions were stable after a 10-min chase (Fig. 3) . The difference in amount of hybrid proteins made with the two fusions was even more evident when steady-state levels were assayed by Western blot (Fig. 4) .
Analysis of the Activities of the Fusions. The enzymatic activities of the hu AR-PhoA fusions from the third transmembrane domain to the end of the protein agree with the proposed topology of the receptor. Among these fusions, those in predicted extracytoplasmic regions or in transmembrane domains close to the periplasm show high PhoA activities (300-760 units), while fusions in predicted cytoplasmic regions or in transmembrane domains close to the cytoplasm have low PhoA activities (10-100 units). There is, however, a serious discrepancy between the proposed topol- ogy and the PhoA activities shown by fusions whose joints are located in the region between the N terminus and the second hydrophobic domain of hup2AR. These fusions show activities of PhoA that suggest an inverted topology of the receptor. The low activity of the fusion located at the N terminus of the protein (aa 44) may be explained because it contains only a small portion of the membrane-spanning segment, and presumably not enough of the export signal is present for PhoA to be inserted efficiently in the membrane (24) .
The activities of the fusions at the beginning of the protein suggest that, in contrast to the topology model, the N terminus is localized in the cytoplasm and that those such as fusion A convey PhoA to the periplasm. A trypsinsusceptibility experiment supported this conclusion (Fig. 5) ; trypsin released alkaline phosphatase from fusion A into the periplasm. These results suggest that the N-terminal region of hu(3AR does not contain complete topological determinants and that the correct positioning of the molecule in the bacterial membrane depends upon the assembly of the entire receptor.
Use of a Sandwich Fusion to Restore Correct Topology. The PhoA fusion approach has been successfully used to study the topology of a number of cytoplasmic membrane proteins. However, there is a potential limitation to the approach. The fusions are generated in such a way that PhoA replaces a C-terminal portion of the membrane protein. If assembly into the correct topological structure depends upon interactions between N-terminal and C-terminal portions of the membrane protein, the fusion approach could be misleading. To In these fusions, PhoA is inserted into an otherwise intact membrane protein. When PhoA is tethered at both its N and C termini to another protein, it retains its enzymatic activity.
Starting with C-terminal fusion A, we constructed a sandwich fusion that restored C-terminal hu/32AR sequence beyond the phosphatase sequences. In contrast to the original fusion A (400 units), the sandwich fusion had very low PhoA activity (60 units), showing that, when the complete hu32AR molecule is present, PhoA is localized in the cytoplasm, as expected from the topology model.
Data from the sandwich fusion, taken together with those from the fusions downstream of the third transmembrane domain, largely confirm that the entire huf32AR protein assumes the topology in a bacterial membrane predicted by hydropathy considerations and previously proven in the eukaryotic membrane.
Localization of the N Terminus. To determine the location of the N terminus of the entire hu32AR, of fusion A, and of the sandwich fusion, we inserted a 5' tag recognized by the monoclonal antibody 9E10 (20) . We then performed an ELISA (Fig. 6A ) which detects the epitope directly on spheroplasts (26, 27) . This analysis showed that antibody 9E10 reacts very strongly with the tagged whole hup2AR, indicating that the epitope at the N terminus is exposed on the outside ofthe membrane. In contrast, the 9E10 antibody gave a lower reaction with the tagged fusion A, showing that in this case the epitope at the N terminus is mainly intracytoplasmic. In the tagged sandwich fusion, the correct orientation of the N terminus is restored, as shown by the strong reaction of the 9E10 antibody. The values were normalized to the amount of protein made (data not shown). The immunoreactivity of the three tagged proteins was analyzed by immunoblot and immunoprecipitation with 9E10: the reactivity of the tagged fusion A was at least 20 times higher than that of the whole tagged huP2AR and the tagged sandwich fusion. In control experiments with the same fusions, antibody to alkaline phosphatase gave the pattern expected from the PhoA activities (Fig. 6B) , and antibody to the cytoplasmic protein /3-galactosidase gave low background values, showing that the spheroplasts were intact.
DISCUSSION
huA32AR is one ofa family ofreceptors characterized by seven transmembrane helices (8) . The topographical disposition of all eight of the hydrophilic sequences of huf2AR expressed in mammalian cells was established with site-directed antipeptide antibodies and in situ analysis by indirect immunofluorescence (10).
hu/82AR expressed in E. coli displays affinities for adrenergic ligands similar to those observed in eukaryotic cells (11) (12) (13) and is able to couple with Gsa (14) The data suggest that in the N-terminal fusions the orientation of the molecule is inverted and the N terminus is localized in the cytoplasm. As shown by the reactivity of the tag epitope in the immunoassay in spheroplasts (Fig. 6) , the N terminus of the huf2AR and the sandwich fusion is located outside the membrane, whereas for fusion A it is in the cytoplasm. protein insertion into the plasma membrane of E. coli. The huP2AR-PhoA hybrid proteins with fusion joints in the N-terminal regions of the huP2AR insert in an inverted orientation, localizing the N terminus in the cytoplasm, whereas in the presence of C-terminal sequences, the N terminus is exported to the periplasm. Results with fusions E and F, which appear to localize PhoA in the cytoplasm with inverted orientation with respect to the proposed structure, strengthen the model presented in Fig. 7 It has been proposed that interactions between membranespanning segments can play a role in stabilizing the structure of multispanning membrane proteins or to drive dimerizations (36, 37) . These interactions may be important for the proper insertion of those transmembrane segments that contain hydrophilic amino acids (38) . In the case of hu(hAR, we can hypothesize that interactions between the third transmembrane domain and N-terminal regions may help determine the proper insertion and orientation of the molecule in the cell membrane.
The involvement of multiple regions of a polytopic membrane protein in the determination ofthe overall topology (31) is in contrast to a linear insertion model where the most N-terminal transmembrane segments insert first in the cell membrane, and the rest of the chain simply follows the topological dictate of the first insertion. However, the linear insertion model could better describe assembly of membrane proteins into the endoplasmic reticulum (32) of eukaryotes.
